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^ G-protein-coupled receptor regulation: role of 
G-protein-coupled receptor kinases and 
arrestins 

Stephen S.G. Ferguson, Larry S. Barak, Jie Zhang, and Marc G. Caron 



Abstract: G-protein-coupled receptors (GPCRs) represent a large family of proteins that transduce extracellular signals to the 
interior of cells. Signalling through these receptors rapidly desensitizes primarily as the consequence of receptor 
phosphorylation, but receptor sequestration and downregulation can also contribute to this process. Two families of 
serine/threonine kinases, second messenger dependent protein kinases and receptor-specific G-protein-coupled receptor 
kinases (GRKs), phosphorylate GPCRs and thereby contribute to receptor desensitization. Receptor-specific phosphorylation 
of GPCRs promotes the binding of cytosolic proteins referred to as arrestins, which fimction to fiirther uncouple GPCRs fi-om 
their heterotrimeric G-proteins. To date, the GRK protein family consists of six members, which can be fiirther classified into 
subgroups according to sequence homology and fimctional similarities. The arrestin protein family also comprises six 
members, which are subgrouped on the basis of sequence homology and tissue distribution. While the molecular mechanisms 
contributing to GPCR desensitization are fairly well characterized, little is known about the mechanism(s) by which GPCR 
responsiveness is reestablished, other than that receptor sequestration (internalization) might be involved. The goal of the 
present review is to overview current understanding of the regulation of GPCR responsiveness. In particular, we will review 
new evidence suggesting a pleiotropic role for GRKs and arrestins in the regulation of GPCR responsiveness. GRK-mediated 
phosphorylation and arrestin binding are not only involved in the fimctional uncoupling of GPCRs but they are also intimately 
involved in promoting GPCR sequestration and as such likely play an important role in mediating the subsequent 
resensitization of GPCRs. 

Key words'. G-protein-coupled receptor, G-protein-coupled receptor kinase, arrestin, sequestration, desensitization. 

R6sum^ : Les recepteurs couples aux proteines G (RCPG) constituent une grande famille de proteines dont la fonction 
consiste a convertir les signaux extracellulaires en evenements intracellulaires. La signalisation vehiculee par ces recepteurs se 
desensibilise rapidement, principalement par la phosphorylation des recepteurs, bien que la sequestration et la regulation des 
recepteurs puissent aussi contribuer a ce processus. Deux families de serine/threonine kinases, les proteines kinases 
dependantes des seconds messagers et les kinases specifiques aux recepteurs couples aux proteines G (KRG) phosphorylent 
les RCGP et ainsi contribuent a la desensibihsation des recepteurs. La phosphorylation des RCGP specifique aux recepteurs 
favorise le couplage des proteines cytosoliques appelees arrestines, dont la fonction est de decoupler les RCGP de leur 
proteines G heterotrimeriques. La famille des proteines KRG est constitute de six membres qui peuvent etre repartis en 
sous-groupes en fonction de Thomologie de sequence et de leurs similarites fonctionnelles. La famille des arrestines 
comprend aussi six membres divises en sous-groupes en fonction de Thomologie de sequence et de la repartition tissulaire. 
Les mecanismes moieculaires contribuant k la desensibihsation des RCGP sont bien caracterises, mais on possede peu 
d'information sur le ou les mecanismes participant au retablissement de la sensibilite des RCGP, si ce n'est que la 
sequestration (intemahsation) des recepteurs pent etre un de ces mecanismes. L*objectif du present travail consiste a reviser 
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les connaissances actuelles sur la regulation de la sensibility des RCGP. Nous r^viserons plus particuli^rement de nouvelles 
donn^es sugg^rant un role pleiotrope pour les KRG et les arrestines dans la regulation de la sensibility des RCGP. La fixation 
des arrestines et la phosphorylation v6hiculee par les KRG contribuent non seulement au d^couplage fonctionnel des RCGP, 
mais elles participent aussi tr^s etroitement k la sequestration des RCGP et, de ce fait, jouent probablement un r61e important 
dans la mediation de la resensibilisation des RCGP. 

Mots cles : recepteur couple aux proteines G, kinase des recepteurs couples aux proteines G, airestine, sequestration, 

desensibilisation. 

[Traduit par la Redaction] 



Introduction 

G-protein-coupled receptors (GPCRs) are found in a large va- 
riety of organisms ranging from slime mold and yeast to mam- 
mals. GPCRs are integral membrane receptors, containing 
seven hydrophobic domains, which transduce the information 
provided by a wide variety of extracellular signals such as 
light, odour, taste, pheromones, hormones, and neurotransmit- 
ters to the interior of cells through their interaction with het- 
erotrimeric guanine nucleotide binding regulatory proteins 
(G-proteins) (Watson and Arkinstall 1994). G-protein a and 
PY subunits in turn modulate the activity of a diverse number 
of effector systems, resulting in changes in ionic conductance 
or second messenger levels (Neer 1995), which ultimately in- 
itiate the cellular response to GPCR activation. 

The activation or signalling cascade of the GPCRs is coun- 
teracted in every cell by intrinsic mechanisms that turn off or 
dampen the agonist-generated signal; this phenomenon is re- 
ferred to as desensitization. In addition, continued GPCR sig- 
nalling requires mechanisms by which these receptors become 
resensitized. The aim of this review is to summarize recent 
advances in understanding the functional regulation of GPCR 
responsiveness, and to outline the contribution of two families 
of proteins, the G-protein-coupled receptor kinases (GRKs) 
and arrestins, to the delicate balance occurring in cells between 
mechanisms of desensitization and resensitization. 



D sensitization 

The exposure of GPCRs to agonists often results in a rapid 
attenuation in receptor responsiveness. GPCR desensitization 
involves the contribution of a combination of events: the un- 
coupling of the receptor from its G-protein as the consequence 
of receptor phosphorylation, the internalization (sequestration) 
of plasma membrane associated receptors, and the downregu- 
lation of the total cellular complement of receptors as a result 
of reduced mRNA and protein synthesis as well as increased 
lysosomal degradation of preexisting receptors (e.g.. Doss 
et al 1981; Hadcock and Malbon 1988; Bouvier et al. 1988; 
Hausdorff et al. 1989; Lohse et al. 1990a, 1990A; Barak et al. 
1994). Receptor sequestration, while potentially contributing 
to GPCR desensitization as the consequence of tiie loss of 
plasma membrane associated receptors, is thought primarily to 
be associated with receptor resensitization. The time frames 
over which these processes occur vary from seconds to hours, 
and this has led to the hypothesis that, at least to some extent, 
each process can be regulated independently of the others. For 
example, mutations that completely uncouple the P2-adrenergic 
receptor (P2AR) from its G-protein do not necessarily prevent 
its sequestration (Hausdorff et al. 1990; Campbell et al. 1991). 



In addition, receptor downregulation can occur independently 
of sequestration (Campbell et al. 1991; Barak et al. 1994). 
Nevertheless, there does appear to be some interdependence of 
these process, as receptor mutants that do not couple, seques- 
ter, or downregulate have been made (Cheung et al. 1989; 
Hausdorff et al. 1991; Barak et al. 1995). The extent of GPCR 
desensitization varies from complete termination of signalling, 
as seen in the visual and olfactory systems, to attenuation of 
agonist potency and maximal responsiveness in other systems 
(reviewed by Dohhnan et al. 1991; Lohse 1993). 

Receptor phosphorylation 

Phosphorylation is the most rapid means of GPCR desensitiza- 
tion and is achieved within seconds to minutes of agonist 
stimulation by two classes of serine/threonine protein kinases: 
the second messenger activated protein kinases, cAMP-dependent 
protein kinase (PKA) and protein kinase C (PKC); and the 
G-protein-coupled receptor kinases (GRKs) that specifically 
phosphorylate agonist-activated GPCRs (Premont et al. 1 995). 
GRK-mediated phosphorylation of GPCRs serves to promote 
the binding of arrestin proteins, which when boimd further 
uncouple these receptors (Fig. 1) (Lohse et al. 19906, 1992; 
Pippigetal. 1993). 

Both agonist-dependent and -independent mechanisms of 
GPCR desensitization have been identified. Agonist-dependent 
desensitization diminishes a cell's response to only that 
agonist to which the cell has been exposed and, therefore, is 
receptor or agonist specific. On the other hand, agonist- 
independent desensitization of a particular GPCR can occur in 
the absence of its activation with agonist, as the consequence 
of the mobilization of second messenger dependent protein 
kinases in response to the stimulation of another receptor. 
However, this process is relatively slow, r,/2 of 3 min com- 
pared with receptor-specific desensitization of GPCRs by 
GRKs, /1/2 of 15 s (Roth et al. 1991). 

Both second messenger dependent protein kinases and 
GRKs contribute to agonist-dependent desensitization of 
GPCRs. The relative contribution of these two mechanisms to 
agonist-dependent desensitization is contingent upon agonist 
concentration, cell type, and the GPCR being studied. For ex- 
ample, mutagenesis and kinase inhibitors have been used to 
demonstrate that PKA phosphorylation is the most efficient 
means of desensitizing tiie PjAR at low agonist concentrations 
(nanomolar) (Hausdorff et al. 1989; Lohse et al. 1990a). Un- 
der these conditions GRK-mediated phosphorylation is negli- 
gible, because only a small proportion of receptors are agonist 
boimd. However, since GRK-mediated GPCR desensitization 
requires agonist activation, this mechanism becomes much 
more important at high agonist concentrations (Hausdorff et al. 
1989; Lohse et al. 1990a; Roth et al. 1991). Consequently, 
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Fig. 1. Schematic representation of the proposed mechanisms of receptor inactivation and membrane targeting by members of the 
G-protein-coupled receptor kinase family. Agonist activation of GPCRs results in their uncoupling from heterotrimeric G-proteins as the 
consequence of serine-threonine phosphorylation by GRKs followed by arrestin protein binding. Membrane targeting of members of this 
family of kinases involves a variety of mechanisms, which include post-translational famesylation of carboxyl-terminal CAAX motifs 
(GRKl), interactions with heterotrimeric G-protein Py-subunits (GRK2 and GRK3). palmitoylation of carboxyl-terminal cysteine residues 
(GRK4 and GRK 6), and electrostatic interactions with phospholipids as the consequence of a highly basic carboxyl-terminal domain (GRK5), 
A, agonist; R*, agonist-activated receptor; P and % subunits of heterotrimeric G-protein; GRK, G-protein-coupled receptor kinase; wavy lines, 
faraesyl, isoprenoid, or palmitate groups; hv, photon; - negatively charged polar phospholipid groups; ++, GRKS polybasic domain; 
c, cysteine residue; Y, N-linked glycosylation; P, phosphate group. 




Desensitlzation 



GRK-mediated mechanisms of desensitization are ideally 
suited to regulate GPCR function at synaptic locations, where 
high local levels of neurotransmitters are expected to occur in 
response to neuronal depolarization. In fact, the predominant 
expression of GRKs in the brain and highly innervated tissues, 
as well as their presence in association with postsynaptic den- 
sities and presynaptic axon terminals, indicates tiiat they are 
appropriately positioned to regulate the activity of neurotrans- 
mitter receptors (Benovic et al. 1991; Arriza et al. 1992). 

In cultured fibroblasts both second messenger dependent 
kinases and GRKs contribute in a functionally independent 
manner to the desensitization of the prototypic P2AR (Hausdorff 
et al. 1989; Lohse et al. 1990a). However, recent studies with 
other GPCRs suggest that this situation is not quite so simple. 
Desensitization of the human a2A"^^°®i*gic receptor (a2AAR) 
(Liggett et al. 1992), rat A3 adenosine receptor (Palmer et al. 
1995), and mouse 5 opioid receptor (Pei et al. 1995) appears 
primarily dependent upon GRK-mediated desensitizing mecha- 
nisms, whereas for the rat angiotensin II type lA receptor 
(ATi^R), removal of the serine-threonine-rich tail does not 
affect desensitization (Thomas et al. 1995). The relative con- 
tribution of these two kinase families to GPCR desensitization 
appears even more complex than originally envisaged, since 
in the olfactory system inhibition of either kinase family re- 
sults in the complete abolition of olfactory receptor desensiti- 
zation (Schleicher et al. 1993; Boekhoff et al. 1994). It seems 
that PKC phosphorylation not only upregulates the activity of 
GRK2 (Chuang et al. 1 995) but targets the kinase to the plasma 
membrane (Winstel et al. 1996). The importance of GRK- 
dependent phosphorylation in GPCR desensitization is par- 
ticularly imderscored by experiments with transgenic mice ex- 
pressing rhodopsin receptors truncated to remove their 
putative sites of GRK-mediated phosphorylation (Chen et al. 
1995). These mice demonstrated abnormally prolonged recep- 
tor responses to single photon flashes, attributable to the tnm- 
cated rhodopsins, clearly demonstrating that GRK-mediated 
phosphorylation was required for normal shutoff of receptor 
responsiveness in the visual system. 



The G-protein-coupled receptor kinase 
family 

Six distinct cDNAs encoding members of the GRK subfamily 
of Ser/Thr kinases have been identified and share 53-93% 
overall sequence homology (Table 1) (Premont et al. 1995). 
As v/ell, they share similar fimctional organization. The cata- 
lytic domain of these proteins is flanked by an approximately 
185 amino acid amino-terminal domain considered to be im- 
portant for recognition of activated receptor substrate, and a 
carboxyl-terminal domain demonstrated to be important for 
membrane targeting (reviewed by Inglese et al. 1993a; 
Lefkowitz 1993; Premont et al. 1995). The members of this 
family have been classified into subgroups on the basis of 
sequence homology and functional similarities as follows: 
(0 rhodopsin kinase (GRKl), (ii) P-adrenergic receptor ki- 
nase 1 (pARKl or GRK2) and PARK2 (GRIG), and (Hi) the 
GRK4 subfamily, comprising GRK4, GRK5, and GRK6 
(Premont et al 1995). The structural and functional aspects of 
GRKs, as well as their substrate specificity, have been re- 
viewed recently (Inglese et al. 1993a; Lefkovwtz 1993; Premont 
et al. 1995; Steme-Marr and Benovic 1995), thus the present 
review of GRKs will be limited to those aspects governing 
their activity and site of action. 

GRK targeting 

In unstimulated cells, rhodopsin kinase, PARKl, and PARK2 
are presumably localized to the cytosol, but their substrate 
targets are membrane-boimd receptors. Therefore, agonist- 
dependent phosphorylation of GPCRs by these kinases requires 
their localization at the plasma membrane. For rhodopsin kinase, 
light-activated association of the enzyme with the plasma 
membrane is facilitated by post-translational famesylation of 
its carboxyl-terminal CAAX motif (Fig. 1) (Inglese et al. 
1993i). Mutation of the rhodopsin kinase CAAX motif results 
not only in an enzyme impaired in light-activated translocation 
to the plasma membrane but one that is substantially less active 
than the wild-type protein (Inglese et al. 1992, 1993Z>). 

PARKl and pARK2 are not isoprenylated but appear to be 
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Table 1. Characteristics of GRK family members. 




Size 


Polypeptide variant 




Covalent 






Family name 


(kDa) 


(amino acids) 


Tissue distribution*" 


modifications 


Activators 


References* 


GRKl 














(rhodopsin kinase) 


63 


nd 


Retina > pineal 


Famesylation 


Polycations 


2,5,15 


GRK2 (pARKl) 


79 


nd 


pbl>cx>h>lu>k 


nd 


Py-subunits, PIPj 


1.3,4,6, 14 


GRK3 (PARK2) 


80 


nd 


olf>b>s>h>lu>k 


nd 


pY-subunits, PIP2 


3,6, 8, 9,10. 14 


GRK4 


66 


Foxir 


b 


Palmitoylation 


nd 


16 


GRK5 


68 


nd 


hju>sk>bj>k 


nd 


Polycations, 


9,11.12,15 












phospholipids 




GRK6 


66 


Yes 


b^k » hJuM > I 


Palmitoylation 


Polycations 


7, 13, 15 



Note: nd, not determined 



''As detennined by mRNA expression: b, brain; cx, cerbral cortex; h, heart; /, liver; /u, lung; k, kidney; olf, olfactory tuberacle; pbi, primary blood leukocytes; s, 
spleen; sk^ skeletal muscle; t, testes. 

'Heferences: 1, Beaovic et al. 1989; 2. Lorenz et al. 1991; 3, Arriza et al. 1992; 4, Chuang et al. 1992; 5, Inglese et al. 19926; 6, Pitcher et al. 1992; 7, Benovic 
and Gomez 1993; 8, Dawson et al. 1993; 9, Kunapuli and Benovic 1993; 10, Parruti et al. 1993o; 11, Kunapuli et al. 1994; 12, Premont et al. 1994; 13, Stoffel et 
al. 1994; 14, Pitcher et al. 1995; 15, Steme-Marr and Benovic 1995; 16, Premont et al. 1996. 



translocated to the membrane via their interaction with the 
Pysubimits of heterotrimeric G-proteins (Fig. 1) (Pitcher et al. 
1992; Boekhoff et al 1994). The G-protein 7 subunit is geranyl- 
geranylated, and thus translocation of PARK 1 and PARK2, at 
least indirectly, also involves isoprenylation mechanisms 
(Inglese et al. 1993a). The interaction of pARKl and PARK2 
with G-protein Py subunits involves a Py binding domain en- 
coded by the 125 amino acid carboxyl-terminal domain of the 
protein (Koch et al. 1993), which bears striking homology to 
--1 00 amino acid sequences designated as pleckstrin homology 
domains (Touhara et al. 1994). Effective membrane targeting 
of PARKl and pARK2 requires the binding of both py 
submits and phosphatidylinositol 4,5-bisphosphate (PIP2) to 
the carboxyl-terminal pleckstrin homology domain of the ki- 
nases (Pitcher et al. 1995). Membrane translocation of PARK 
can be impaired by polypeptides derived from its carboxyl- 
terminal domain that function to compete for G-protein Py 
subunits (Koch et al. 1993). The inhibition of PARK activity 
in the hearts of transgenic mice expressing the carboxyl-terminal 
Py binding domain of PARKl has firmly estabhshed a role for 
this domain in regulating the activity of PARKs (Koch et al. 
1995). 

Unlike GRKs 1-3, GRK4, GRK5, and GRK6 all exhibit 
substantial membrane localization in the absence of agonist 
stimulation. Association of GRK5 with membrane is thought 
to be mediated by electrostatic interaction between its last 46 
highly basic carboxyl-terminal amino acids and membrane 
phospholipids (Fig. 1) (Premont et al. 1994). The activity of 
this enzyme appears to be dependent upon autophosphoryla- 
tion of serine and threonine residues, a process that is facili- 
tated by interaction with phospholipids (Kimapuli et al. 1994). 
In contrast, both GRK4 and GRK6 are palmitoylated at car- 
boxyl-terminal cysteine residues (Fig. 1) (Stoffel et al. 1994; 
Premont et al. 1996). Palmitoylation of GRK6 seems to be 
essential for membrane association, as only palmitoylated en- 
zyme was found associated with membrane (Stoffel et al. 
1994). GRK4 differs from each of the other identified kinases, 
because it is the only knovra GRK with alternative splice vari- 
ants (Premont et al. 1 996). Four distinct alternative splice vari- 
ants have been identified and are of particular interest since 
the alternatively spliced exons occur in domains implicated in 
receptor recognition and membrane targeting (Premont et al. 



1996). However, each of the variant forms of GRK4 are sig- 
nificantly associated with membrane and are palmitoylated 
(Premont etal. 1996). 

Site of GRK-mediated phosphorylation 

GRKs generally phosphorylate GPCRs at several serine and 
threonine residues. However, for most GPCRs, little is known 
about the exact sites of GRK-mediated phosphorylation, and 
the stoichiometry of phosphorylation differs depending upon 
the receptor studied and the environment in which it is tested 
(Haga et al. 1994; Premont et al 1995). Although GRKs can 
phosphorylate several sites on receptors in vitro, it is thought 
that only the initial phosphorylation events are physiologically 
relevant to receptor desensitization (Ohguro et al. 1993). In 
fact, high-affinity binding of arrestins to rhodopsin and the 
P2AR requires GRK-mediated receptor phosphorylation to a 
stoichiometry of only 2 moles phosphate per mole of receptor 
(Gurevich and Benovic 1993; Gurevich et al. 1995). 

Although many receptors contain several potential sites for 
GRK-mediated phosphorylation in their carboxyl-terminal 
tails, some receptors have shorter carboxyl-terminal tails con- 
taining few or no serine and threonine residues, e.g., 0C2AR and 
m2 muscarinic acetylcholine receptor (m2 mAChR). How- 
ever, these receptors have much longer third intracellixlar loops 
and are thought to contain the multiple serine and threonine 
residues required for GRK-mediated receptor phosphorylation. 
Consistent with this idea, removal of the serine-threonine-rich 
portion of the third intracellular loop of the CC2AR reduced 
agonist-dependent phosphorylation of this receptor by 90% 
(Liggett et al. 1992). These sites of phosphorylation have been 
localized to four consecutive serine residues in the third intra- 
cellular loop of the ajAR (Eason et al. 1995). In addition, the 
sites required for GRK-mediated phosphorylation of the hu- 
man m2 mAChR have been assigned to serine and threonine 
residues in its third intracellular loop (Nakata et al. 1994). 

Th arrestins 

Early studies of rhodopsin and P2AR receptor desensitization 
indicated that, although GRK-mediated phosphorylation con- 
tributed to receptor desensitization, it was not sufficient for full 
inactivation under physiological conditions. This indicated 
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Table 2. Characteristics of arrestin family members. 


Family name 


Size 
(amino 
acids) 


Polypeptide 

variant 
(amino acids) 


Tissue distribution*' 


Substrate 


Phosphorylation 


Reference* 


Visual airestin 
(S antigen) 
Bovine 


404 


396, 370 (p^) 


r > pin; cb = pbl 
p^: ros »rw^ 


Rho>p2AR> 
m2 mACnK 


PKC 
Ca^*-calmodulin 


1.2,4, 6.9,10 


(3- Arrestin 1 
Rat 


418 


410 


b >hip >bSyS,o>h » 
lu,k >pit^k>l'^ 


P2AR > m2 mAChR 
»Rho 


? 


3,5,6, 7,10 


p-Arrestin 2 (anestinS) 
Rat 


420 


409 


s >hip>b> ofis> 
pit,hj k:^lu>sk 


P2AR, m2 mAChR 
»Rho 


? 


5, 7, 10 


Cone arrestin 

(C- or X-arrestin) 
Human 


388 


nd 


c >pin>pitju 


7 


? 


8 


D-Arrestin 
Human 


? 


nd 


ljujycx > Uh^it 


? 


? 


8 


E-Arrestin 
Human 


? 


Yes 


pit > liju,r > h,hyp > 


? 


? 


8 



Note: nd, none detected; ?, unknown. 

''As detemiined by mRNA expression: b, brain; bs, brainstem; c, cone photoreceptors; cb, cerebellum; cx, cerbral cortex; A, heart; hip, hippocampus; hyp, 
hypothalamus; /, intestine; /, liver, /u, lung; k, kidney; o, ovary; pin, pinealocytes; pit, pituitary; pbl, primary blood leukocytes; r, retina; ros, rod outer segment; 
ris, rod inner segment; 5, spleen; sk, skeletal muscle; /, testes. 

^References: 1, Yamaki et al. 1987; 2, Sagi-Eisenberg et al. 1989; 3, Lohse et al. 1990^^; 4, Yamada et al. 1990; 5. Attramadal et al. 1992; 6, Parruti etal. 19936; 
7, Steme-Marr et al 1993; 8, Craft et al. 1994; 9, Smith et al. 1994; 10, Gurevich et al. 1995. 

'As determined by immunofluorescence. 

^ery abundant in human mononuclear leukocytes. 



that some component or "arresting agent'* was required in ad- 
dition to GRK-mediated phosphorylation to quench signal 
transduction initiated by GPCR activation. The existence of an 
arresting protein was first demonstrated for photo-excited rho- 
dopsin in rod outer segments in experiments that demonstrated 
binding of an intrinsic 48-kDa soluble protein, now called ar- 
restin, to phosphorylated rhodopsin (Wilden et al. 1986). The 
inability of highly purified PARKl to fully desensitize the 
P2AR in vitro, when compared with crude PARK homogen- 
ates, suggested that an "arrestin-like" protein was also neces- 
sary for appropriate desensitization of the P2AR (Benovic et al. 
1987). The cloning of P-arrestinl, a protein with 59% sequence 
homology to visual arrestin, confirmed the necessity for a sec- 
ond protein component in PjAR receptor desensitization (Lohse 
et al 19906). Reconstitution of PjARs and purified PARK 
m vitro along with P-arrestin was sufficient to reestablish 
maximal desensitization of PjAR activity (Lohse et al. 19906, 

1992) . 

There is now clear evidence for a role of P-arrestin in ho- 
mologous desensitization in intact cells (Pippig et al. 1993), as 
well as in the Drosophiia photosystem in vivo (Dolph et al. 

1993) . Of particular interest is the observation that P-arrestinl 
protein and mRNA levels can be increased by elevated cAMP 
levels, indicating a novel mechanism for the regulation of 
GPCR-mediated responses (Panruti et al. 19936). It is now 
accepted that GPCR desensitization, at least following recep- 
tor phosphorylation by GRKl, GRK2, and GRK3, involves 
the binding of arrestin proteins. However, it is not known 
whether GRK4, GRK5, or GRK6 target receptors for arrestin 
binding. 



The arrestin famOy 

Arrestins are cytosolic proteins of which six distinct members 
have now been identified (Table 2). The arrestins can be bro- 
ken into four subfamilies on the basis of sequence homology 
and tissue distribution: (z) visual arrestin (S antigen), (if) cone 
arrestin (X-arrestin or C-airestin), (Hi) p-arrestins, P-arrestinl 
and P-arrestin2 (arrestin 3), and (/v) the as yet uncharacterized 
D- and E-arrestins (Shinohara et al. 1987; Yamaki et al. 1987; 
Lohse et al. 19906; Attramadal et al. 1992; Murakami et al. 
1993; Craft et al. 1994). Vertebrate arrestins share 39-50% 
sequence homology with invertebrate arrestins, whereas verte- 
brate arrestins as a family of proteins exhibit 44-84% se- 
quence homology (Craft and Whitmore 1995). Examination of 
the sequence of the arrestins for known structural motifs has 
revealed potential consensus phosphorylation sequences as 
well as possible ATP-GTP binding sites (Fig. 2) (Craft and 
Whitmore 1 995). The role of phosphorylation in the functional 
regulation of arrestins is unknown. Nonetheless, PKC- 
mediated phosphorylation of a 48-kDa protein has been de- 
tected in bovine rod outer segments, and calcium-dependent 
phosphorylation of arrestin has been observed in Drosophiia 
(Sagi-Eisenberg et al 1989; Yamada et al. 1990). In addition, 
ATP binding and hydrolysis by arrestin have also been re- 
ported, but there is as yet no indication of what the physiologi- 
cal significance of this finding might be to arrestin function 
(Glitscher and Rtippel 1991). 

Visual arrestin is localized primarily to retina, with low 
expression in the pineal gland, and is a major protein constitu- 
ent of rod outer segments (Craft et al. 1994; Smith et al. 1994). 
Three bovine visual arrestin isoforms have been identified. 
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Fig. 2. Molecular architecture of arrestins. Horizontal hatched boxes represent arrestin variable regions; closed boxes represent conserved 
arrestin family domains; and the vertical hatched box indicates region of conservation between the P-arrestins not conserved within the visual 
arrestin or cone arrestin families (Craft and Whitmore 1995). Rl, amino-terminal regulatory domain; R2, carboxyl-terminal regulatory domain; 
A, activation-recognition domain; P, phosphorylation-recognition domain; S, arrestin hydrophobic domain (Gurevich et al. 1995). Arrow 
marks position of alternative splicing in the visual arrestin and P-arrestin genes (Parruti et al. 1993^>; Steme-Marr et al. 1993). Underlined 
region highlights the 35 amino acids in visual arrestin replaced by alternative splicing with an alanine to give visual arrestin p^ (Smith et al. 
1994). Roman numerals represent potential arrestin phosphate binding sites: I, D(X)2G motif; II, (A/G)(X)4GK motif; the major consensus 
features of a phosphate binding site conserved within the visual and P-arrestin subfamilies (Yamada et al. 1990); III, APQD(X)2GK motif 
conserved with the visual arrestin family (Yamada et al. 1990; Craft et al 1995). ♦, potential sites for PKC phosphorylation; #, potential sites 
for cGMP-dependent kinase or PKC phosphorylation (Craft et al. 1995). 
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Bovine visual arrestin is expressed as the originally described 
404 amino acid residue form, as well as two polypeptide vari- 
ants, one in which the last 35 amino acid residues are replaced 
by an alanine (p^) and the other which lacks residues 338-345 
encoded by exon 13 (Fig. 2) (Yamaki et al. 1987, 1990; Parruti 
et al 19936; Smith et al. 1994). The p^ isoform of visual ar- 
restin has been demonstrated by immunocytochemistry to be 
localized primarily in the rod outer segment, whereas die dis- 
tribution of the long form is not limited to the rod outer seg- 
ment and is present throughout the photoreceptor cell (Smith 
etal. 1994). 

C-arrestin is highly enriched in both retina and the pineal 
gland, and in situ hybridization studies localize it to cone pho- 
toreceptors and to a subset of pinealocytes (Graft et al. 1994). 
Low levels of C-arrestin mRNA can also be foimd in the pi- 
tuitary and cerebral cortex (Craft et al. 1994). No known alter- 
natively spliced variants of this protein have been identified, 
but C-arrestin is more closely related to the P-arrestins than 
visual arrestin (Craft and Whitmore 1995). Human C-arrestin 
maps to the X chromosome, and as such is a candidate gene 
for cone dystrophy (Craft et al. 1994, Craft and Whitmore 
1 995). Although no fimction has been assigned to D- and E-arrestin, 
these proteins are widely distributed and can be found in a 
variety of tissues (Craft et al. 1994). D-arrestin expression is 
not detectable in the hypothalamus, kidney, retina, or spleen, 
whereas E-arrestin is absent from the kidney and spleen (Craft 
et al. 1994). E-arrestin has alternative mRNA or tissue-specific 
forms (Craft et al. 1994). 

Similar to visual arrestin, at least two polypeptide variant 
forms of P-arrestin 1 and P-arrestin2 are expressed as the con- 
sequence of alternatively spliced mRNAs (Fig. 2) (Steme- 
Marr et al. 1993; Parruti et al. 19936). The variant forms of 
P-arrestin 1 differ only by the insertion of eight amino acids 
between amino acids 333 and 334 (Parruti et al. 19936), and 
the variant forms of P-arrestin2 (arrestin3) are identical except 
for an 1 1 amino acid insert between amino acids 361 and 362 
(Steme-Marr et al. 1993). The existence of alternatively 
spliced variant P-arrestins increases the number of arrestin 
homologues that might contribute to the regulation of GPCRs 
outside the visual system and pineal gland to at least six. 



Attramadal et al. (1992) characterized the expression of rat 
P-arrestin 1 and P-arrestin2 and found that they are predomi- 
nantly localized in neuronal tissues and in spleen, although low 
mRNA levels can be detected in most rat tissues. Steme-Marr 
et al. (1993) demonstrated that either the long or the short form of 
P-arrestin 1 is the most abundant arrestin in all non-photoreceptor- 
bearing bovine tissues. The long form of p-arrestin 1 is the 
predominant form of P-arrestin 1 in the brain, whereas the short 
form is the major P-arrestin 1 in most peripheral tissues except 
the heart (Steme-Marr et al. 1993). In contrast, in the rat 
central nervous system P-arrestin2 is more abundant than 
p-arrestin 1 (Attramadal et al. 1992). Immunohistochemical 
evaluation of P-arrestin 1 and P-arrestin2 expression in the rat 
brain showed extensive, but heterogeneous, neuronal labelling 
of the two proteins. P- Arrestins were found in several neuronal 
pathways, suggesting that they have relatively broad receptor 
specificity and regulate many GPCRs, not just their namesake, 
the P2AR (Attramadal et al. 1992). In addition, immunoelec- 
tron microscopy indicated that the P-arrestins were concen- 
trated at synapses along with GRKs, and as such are ideally 
localized to regulate neuronal activity (Arriza et al. 1992; 
Attramadal et al. 1992). 

Mechanism of action 

To quench GPCR signalling, arrestins preferentially bind 
GRK-phosphorylated receptors, as opposed to either second 
messenger phosphorylated or nonphosphorylated receptors 
(Lohse et al. 1 9906, 1 992). For example, GRK-mediated phos- 
phorylation of P2ARS increases the potency of P-arrestins 10- 
to 30-fold (Lohse et al. 1992). In in vitro reconstitution experi- 
ments with purified components, half-maximal inhibition of 
P2AR fimction was reached at a molar ratio of one or two 
P-airestin molecules per GRK-phosphorylated P2AR, and half- 
maximal inhibition of rhodopsin activity by visual arrestin was 
observed at a 1:1 molar ratio (Lohse et al. 1992). 

Arrestins are cytoplasmic proteins, yet unlike GRKs, the 
mechanism(s) by which these proteins are targeted to the mem- 
brane to bind and uncouple GPCRs remains imknown. In ad- 
dition, the regions of GPCRs required for arrestin binding have 
not been clearly delineated. However, it appears that neither 
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GRK-mediated phosphorylation nor the cytoplasmic tail of the 
P2AR is absolutely required for interaction with either P-arrestinl 
or (3-arrestin2 (Ferguson et al 1 996). The ability of arrestins 
to interdict GPCR signalling has suggested that arrestins 
likely bind intracellular domains implicated in receptor- 
G-protein coupling. For example, the interaction of visual arrestin 
with rhodopsin can be inhibited using synthetic peptides 
representing the first and third intracellular loops of rhodop- 
sin (Krupnick et al. 1994). The dispensability of the cyto- 
plasmic tail for receptor-arrestin binding, at least for the 
P2AR, suggests that GRK-mediated phosphorylation of GPCRs 
either provides secondary binding sites or effects a conforma- 
tional change in the receptor required for high-affinity [J-arrestin 
binding. Gurevich et al. (1995) examined the ability of several 
arrestins to bind various functional forms of rhodopsin, the 
P2AR, and the m2 mAChR. While each of the arrestins pref- 
erentially bound the phosphorylated, agonist-activated (R*-P) 
form of these receptors, there was still substantial binding to 
phosphorylated, nonactivated (R-P) receptors, as well as some 
increased binding to agonist-activated receptor (R*) (Gurevich 
et al. 1993, 1995). The notable exception was visual arrestin, 
which clearly preferred phosphorylated, light-activated rho- 
dopsin (Rh*-P). 

A kinetic model for arrestin binding to GPCRs has been 
proposed by the Benovic group (1995) and represents a multi- 
step process that can be summarized as follows (see Fig. 2) 
(Gurevich and Benovic 1993; Gurevich et al. 1995). First, ar- 
restins are able to bind weakly to any GPCR activation state, 
allowing the protein to probe the functional status of the re- 
ceptor. Second, arrestins can bind independently to either 
GRK-phosphorylated GPCRs (R-P) via the interaction of the 
arrestin phosphorylation-recognition domain (?) with phospho- 
rylated serine and threonine residues (Kieslbach et al. 1994; 
Gurevich et al. 1995) or to agonist-activated GPCRs (R*) via 
the interaction of the arrestin activation-recognition domain 
(A) with intracellular GPCR domains, including the first and 
third intracellular loops, which change conformation in re- 
sponse to agonist activation (Krupnick et al. 1 994; Gurevich et al. 
1995). However, when the receptor is both agonist activated 
and phosphorylated (R*-P), arrestins bind simultaneously at 
both sites, inducing a conformational change in the arrestin 
molecule, serving to present the 120-150 amino acid arrestin 
hydrophobic domain (S) to the receptor, which not only pro- 
vides additional binding sites but increases arrestin binding 
affinity at both primary binding sites (A and P) (Gurevich and 
Benovic 1993; Gurevich et al. 1995). This change in arrestin 
conformation leading to the mobilization of the hydrophobic 
domain is regulated by interactions between the amino (Rl) 
and carboxyl (R2) terminal regulatory domains (Palczewski et al. 
1991; Gurevich and Benovic 1993; Gurevich et al. 1994, 
1995). This interaction is thought to provide the primary force 
governing selective binding of arrestins to R*-P by spatially 
orienting the amino- and carboxyl-terminal halves of the ar- 
restin molecule. The extent of receptor phosphorylation also 
plays an important role in regulating the affinity of arrestin for 
Rh*-P, since increased stoichiometry of rhodopsin phospho- 
rylation increases the proportion of bound arrestin (Gurevich 
and Benovic 1993). 

Receptor specificity 

P- Arrestin is 1 00-fold more effective at uncoupling PjARs than 



visual arrestin, whereas visual arrestin is a much more effec- 
tive inhibitor of rhodopsin activity than P-arrestin (Lohse et al. 
1 992). Each of the arrestin subfamihes are most divergent, finm one 
another, at their amino and carboxyl termini, which has led to the 
suggestion that these regions, in particular the carboxyl-terminal 
domain, might govern arrestiiwieceptor specificity. However, since 
the p"*^ isoform of visual arrestin is a severalfold more potent 
inhibitor of rhodopsin signal transduction than the long form, 
the carboxyl-terminal region of the visual arrestin does not 
appear to be particularly important for directing arrestin bind- 
ing to rhodopsin (Palczewski et al. 1994). In addition, visual 
arrestin-P-arrestinl chimeras, in which the carboxyl-terminal 
portion of visual arrestin (residues 346-404) has been exchanged 
for the equivalent residues of P-arrestinl (341-418), exhibit 
little change in their relative abihty to distinguish between 
rhodopsin and P2ARS (Gurevich et al. 1995). Therefore, the 
regions of visual arrestin governing specificity for rhodopsin 
as opposed to other GPCRs most likely involve the central 300 
amino acid residues and is probably dependent upon the over- 
all tertiary structure of visual arrestin protein. 

It is possible that the specificity of visual arrestin binding 
to rhodopsin might be attributable to differences both in the 
size of intracellular GPCR arrestin binding domains and the 
location of relevant GRK-phosphorylated residues. This hy- 
pothesis is underscored by the fact Uiat rhodopsin has a rela- 
tively short third cytoplasmic loop and all of its GRK 
phosphorylation sites are contained in the carboxyl tail, 
whereas tiie third intracellular loop of the P2 AR is intermediate 
in size and the third loop of the m2 mAChR is considerably 
longer and, unlike rhodopsin and the P2AR, contains putative 
sites for GRK-mediated phosphorylation. Therefore, it is con- 
ceivable that the receptor binding domain of visual arrestin 
does not tolerate the enhanced steric interference provided by 
the increased size of the third intracellular loops of either the 
P2AR or the m2 mAChR. In addition, this might explain why 
visual arrestin has severalfold higher affinity for the P2AR 
receptor than the m2 mAChR (Gurevich et al. 1995). It is prob- 
able that similar considerations govern the GPCR specificity 
of the other arrestins, since P-arrestinl binds to the P2AR with 
higher affmity than the m2 mAChR, while P-arrestin2 binds 
to both receptors with equal affmity (Gurevich et al. 1995). 
Therefore, p-arrestin2 might serve as a "generic" arrestin. As 
yet, no functional differences have been reported for the vari- 
ant forms of p-arrestinl and P-arrestin2. Nonetheless, a defini- 
tive answer to the question of arrestin-receptor specificity will 
have to await further investigation. However, considering the 
limited number of arrestins and the preponderance of GPCRs, 
in all likelihood, receptor specificity is governed primarily by 
tissue-specific expression of the arrestin regulatory proteins. 
For example, in olfactory epithelium, where only P-arrestin2 
is expressed, P-arrestin2-specific polyclonal antibodies can 
specifically block desensitization of odorant receptors in per- 
meablized epithelium (Dawson et al. 1993). The high degree 
of specificity observed for visual arrestin-rhodopsin interac- 
tions is presumably the consequence of the co-evolutionary 
divergence of these two proteins in the rod outer segment. 

R sensitizati n 

The regulation of GPCR responsiveness is a delicate process, 
requiring a coordinated balance between mechanisms contribut- 
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Fig. 3. Schematic representation of the intracellular redistribution of GPCRs following agonist activation. Agonist activation of GPCRs results 
in their internalization to an intracellular compartment, likely endosomes, which can be defined on the basis of the inaccessiblity of this 
compartment to hydrophilic ligand and low density on a sucrose gradient The mechanism by which this is achieved is thought to involve 
either clathrin-coated pits or caveolae. Sequestered GPCRs are subsequently recycled back to the plasma membrane as fully functional 
receptors. GPCR downregulation is the result of decreased receptor protein and mRNA synthesis, as well as increased receptor degradation as 
the consequence of either the direct mobilization of plasma membrane receptors to lysosomes or the shunting of a fraction of sequestered 
receptors to the lysosomal compartment. A, agonist; P, phosphate group. 
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ing to receptor activation, desensitization, and resensitization. 
However, very little is understood about the process by which 
GPCR responsiveness is reestablished. The importance of 
GPCR resensitization to maintaining normal tissue homeosta- 
sis is obvious, since irreversible desensitization would result in 
the complete abrogation of GPCR signalling. Although it is 
conceivable that there are situations where the absence of re- 
sensitization is desirable, this is certainly not true for most 
GPCRs. A potential mechanism by which GPCRs are resensi- 
tized is the agonist-promoted sequestration (internalization) of 
cell surface GPCRs to endosomes. While sequestration is 
likely not important for rhodopsin resensitization (rod outer 
segments are specialized structures lacking endosomes), it has 
been implicated in the resensitization of several GPCRs. 

Receptor sequestration 

GPCR sequestration is an agonist-dependent process which 
promotes the removal of agonistTactivated cell siirface receptors 
from the plasma membrane to a membrane-associated intracel- 
lular compartment (Fig. 3). This process has been particularly 
well characterized for the PjAR (reviewed by Hausdorff et al. 
1992) but has also been observed for several other G-protein- 
coupled receptors, including but not limited to ATj^Rs, Pj ARs, 
bombesin (BN) receptors, cholecystokinin (CCK) receptors, 
dopamine D2 receptors, endothelin^^ receptors, gastrin-releasing 
peptide (GRP) receptors, gonadotropin-releasing hormone 
(GnRH) receptors, luteinizing hormone (LH) receptors, ml, 
m2, m3, and m4 mAChRs, neurokinin (NK) receptors, and 
neurotensin receptors (Green and Liggett 1994; Himyady et al. 
1994a; Kawate and Menon 1994; Slice et al. 1994; Arora et al. 
1995; Chun et al. 1995; Roettger et al. 1995; Tseng et al. 
1995a, 19956; Garland et al. 1996; Goldman et al. 1996; 
Grady et al. 1995a, 19956; Hermans et al. 1996; Itokawa et al. 
1996; Koenig and Edwardson 1996). Historically, at least for 
the P2AR, this compartment containing sequestered receptors 
was defined by its low density in a sucrose gradient compared 
with plasma membranes, as well as its inaccessibility to hydro- 



philic ligands (Fig. 3). Recent experiments using antibodies 
directed against the P2AR, as well as monoclonal antibodies 
for epitope-tagged recombinant PjARs, have confirmed that 
sequestered PjARs are indeed translocated to an intracellular 
compartment following agonist exposure, probably into en- 
dosomes (Fig. 3) (von Zastrow and Kobilka 1992). Similar re- 
sults have been reported for other GPCRs, such as the ET^R, 
GRP receptor, CCK receptor, thyrotropin-releasing hormone 
receptor, and NK receptors (Ashworth et al. 1995; Chun et al. 
1995; Grady et al. 1995a, 19956; Roettger et al. 1995; Garland 
et al. 1996). In the case of the P2AR, sequestered receptors are 
not degraded but are recycled back to the plasma membrane as 
competent signalling receptors (Yu et al. 1993). A similar 
model was recently proposed for the NK| receptor (Garland 
et al. 1996). 

Nonetheless, the precise endocytic mechanism by which 
GPCR internalization is achieved remains controversial, since 
P2AR receptor sequestration has been reported to be effected 
by both clathrin-coated vesicles and caveolae (Fig. 3) (Raposo 
et al. 1989; von Zastrow and Kobilka 1992). Receptor seques- 
tration can likely be accomplished by both pathways, but the 
preferred mechanism of endocytosis utilized by a particular 
GPCR is probably dependent upon both receptor-specific 
structural determinants and the cellular environment in which 
it is expressed (i.e., protein composition) (Rapaso et al. 1989; 
von Zastrow and Kobilka 1992; Roettger et al. 1995; Goldman 
et al. 1996; Koenig and Edwardson 1996). 

It is uncertain whether receptor sequestration represents the 
first step in the lysosomal degradation associated with the 
downregulation of GPCRs following long-term agonist expo- 
sure. It is possible that while the majority of sequestered re- 
ceptors are recycled back to the plasma membrane, a small 
proportion might be subjected to endosomal sorting and tar- 
geted to lysosomes for degradation (Fig. 3) (von Zastrow and 
Kobilka 1992). However, mutation studies have produced re- 
ceptor mutants that downregulate normally but do not seques- 
ter, in addition to receptor mutants that sequester but do not 
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downregulate (Campbell et al. 1991; Barak et al. 1994). This 
suggests that sequestration and downregulation can be medi- 
ated by distinct processes (Fig. 3). 

Biological role for receptor sequestration 

The potential spatial uncoupling of the receptor from its effec- 
tor system as the consequence of sequestration has led to 
speculation that receptor sequestration might contribute to 
GPCR desensitization (Hertel et al. 1990). However, while 
this might be physiologically relevant in the absence of recep- 
tor reserve, considerable evidence now suggests that seques- 
tration, at least for the PjAR, is not intimately involved in 
desensitization of the signalling function of the receptor. For 
example, pharmacological treatments that do not effect GPCR 
signalling, such as concanavalin A and sucrose, have been 
used to inhibit receptor sequestration without influencing the 
ability of the receptor to desensitize (Yu et al. 1993; Pippig 
et al. 1995). In addition, receptor desensitization due to PARK 
phosphorylation proceeds at a much faster rate than sequestra- 
tion (^1/2= 15 s vs. 10 min) (Roth et al. 1991). Thus, under 
normal conditions, sequestration mostly affects desensitized 
receptors. This has led to the suggestion that the primary role 
of GPCR sequestration might be to mediate receptor dephos- 
phorylation and resensitization (Sibley et al, 1986; Yu et al. 
1993; Barak et al. 1994; Pippig et al. 1995; Garland et al. 
1996). Certainly, receptors isolated from the "light vesicular" 
or "sequestered" pool of membranes are phosphorylated to a 
lesser extent than receptors isolated from plasma membranes 
(Sibley et al. 1986). In addition, high levels of receptor phos- 
phatase activity are associated with sequestered vesicular 
membranes (Sibley et al. 1986), and GPCR resensitization is 
inhibited using phosphatase inhibitors (Pippig et al. 1995; 
Garland et al. 1996). Moreover, pharmacological inhibition of 
sequestration prevents both the dephosphorylation and resen- 
sitization of the P2AR (Pippig et al 1995). Recent work has 
suggested that acidification of GPCRs in endocytotic vesicles 
might elicit a conformational change in the receptor necessary 
not only for release of bound ligand but for stimulation of 
GPCR-directed phosphatase activity (Krueger et al. 1995; 
Garland et al. 1996). In the case of the P2AR, the mobilization 
of receptors back to the cell surface is required to reestablish 
signalling (Pippig et al. 1995). 

Receptor determinants of sequestration 

Early experiments mapping regions of the PjAR important for 
Ugand binding, G-protein coupling, desensitization, and se- 
questration demonstrated similarities in the structural determi- 
nants of the receptor necessary for both G-protein coupling and 
sequestration (Strader et al. 1987; Cheung et al. 1989). In ad- 
dition, a rough correlation could be drawn between the cou- 
pling efficiency of GPCRs and their ability to sequester (Moro 
et al. 1994). However, more in-depth characterization of regions 
required for G-protein coupling and sequestration revealed 
that, while the cellular mediators of GPCR sequestration and 
G-proteins likely interact at similar sites on the intracellular 
face of GPCRs, these processes were functionally distinguish- 
able (Cheung et al. 1990; Hausdorff et al 1990; Campbell 
et al. 1991; Lameh et al. 1992; Moro et al. 1993; Barak et al. 
1994; Hunyady et al. 1994a; Moro et al. 1994). Foremost, in 
S49 murine lymphoma cell lines, which lack G^a (cyC) or in 
which point mutations (unc) prevented their G-proteins from 



interacting with the receptor, PjAR sequestration in response 
to agonist stimulation was not impaired (Mahan et al. 1985). In 
addition, replacement of amino acid residues 222-229 in the 
amino terminal portion of the third intracellular loop of the 
P2AR with the corresponding residues from the ml mAChR 
receptor resulted in a receptor mutant that was uncoupled but 
sequestered normally (Cheung et al. 1990). Furthermore, dele- 
tion of residues 267-273 in the carboxyl portion of the third 
intracellular loop of the P2AR abolished receptor--G-protein 
coupling without affecting high-aflFinity agonist binding and 
receptor sequestration (Hausdorff et al. 1990). In the case of 
mAChRs, determmants for agonist-promoted sequestration 
were localized to a small serine-threonine-rich domain in the 
middle of the third intracellular loop (Lameh et al. 1992; Moro 
et al. 1993). This observation suggested that receptor phospho- 
rylation may in fact play an essential role for mAChR seques- 
tration (see below). 

In addition to the third intracellular loop of GPCRs, other 
intracellular domains, such as the second intracellular loop and 
carboxyl-terminal tail, are implicated as important determi- 
nants for GPCR internalization. In particular, the highly con- 
served DRYXXV/IXXPL sequence, found in the second 
intracellular loop of GPCRs, affects GPCR internalization. 
Mutation of the leucine residue in this conserved sequence in 
either the ml mAChR or the GnRH receptor impairs seques- 
tration (Moro et al. 1994; Arora et al. 1995). In addition, mu- 
tation of serine 140 to a tyrosine residue in the second 
intracellular loop of the GnRH receptor increases the relative 
sequestration of the GnRH receptor by 60% (Arora et al. 

1995) . This increase in receptor sequestration is associated 
with an increase in agonist binding affinity (Arora et al. 1995). 

For several receptors, sequestration is impaired following 
the removal of their carboxyl-terminal tails (e.g., GnRH recep- 
tor, ttjeAR, parathyroid hormone, and parathyroid hormone 
related peptide receptor, ATj^R, BN receptor, and neurotensin 
receptor) (Benya et al. 1993; Lattion et al. 1994; Huang et al. 
1995; Thomas et al. 1995; Tseng et al. 1995^); Hermans et al. 

1996) , whereas the sequestration of the ml mAChR is not 
impaired by the truncation of its carboxyl-terminal tail, and 
truncation of the avian Pi AR carboxyl tail promotes its seques- 
tration (Lameh et al. 1992; Parker et al. 1995). In addition, 
truncated PjARs either internalize normally in response to 
agonist stimulation or are slightly impaired in their sequestra- 
tion, depending on the cell type tested (Strader et al. 1987; 
Bouvier et al. 1988; Cheung et al. 1989; Ferguson et al. 1996). 

Recently, P3/P2AR chimeras were utilized to delineate mo- 
lecular and structural receptor determinants involved in P2AR 
desensitization and sequestration (Jockers et al. 1996). The 
P3AR is a particularly usefiil tool for these studies as a result 
of its unique inability to either desensitize or sequester (Liggett 
et al. 1993). Substitution of the first and second loops of the 
P2AR into the P3AR results in a chimeric receptor exhibiting 
a P2AR sequestration phenotype, whereas substitution of the 
P3AR third intracellular loop with the third intracellular loop 
of the P2AR along with any other intracellular receptor domain 
(e.g., first and (or) second intracellular loop of the P2AR or the 
P2AR carboxyl tail) results in a chimeric receptor that does not 
internalize. These results are complemented by previous work 
demonstrating that substitution of the carboxyl-terminal tail of 
the p2 AR into the P3 AR receptor results in a chimeric receptor 
capable of sequestering in response to agonist stimulation 
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(Liggett et al. 1993). These data taken together indicate that 
agonist-promoted GPCR sequestration requires appropriate in- 
teraction of some intracellular component with several intra- 
cellular receptor domains, which are important for both 
G-protein coupling and arrestin binding. 

Recent studies have suggested that receptor sequestration 
might be directed by sequestration-specific sequence motifs 
(Barak et al, 1994; Hunyady et al. 19946; Huang et al. 1995). 
Among the most conserved regions of GPCRs is a sequence 
of amino acid residues, the NP(X)2^3Y motif, found toward the 
cytoplasmic face of the putative seventh transmembrane do- 
main. This sequence, found in most GPCRs, bears striking 
resemblance to the NPXY internalization motif described for 
the low density lipoprotein (LDL) and insulin receptors (Chen 
et al. 1990; Rajagopalan et al. 1991). Indeed, mutation of the 
tyrosine residue (Y326A) in the P2AR results in a receptor 
impaired in its ability to sequester (Barak et al. 1994). None- 
theless, it is not likely that this sequence represents a common 
sequestration motif for GPCRs, since mutation of the corre- 
sponding tyrosine residues in both the ATj^R and GRP recep- 
tor did not impair their sequestration (Slice et al. 1994; 
Hunyady et al. 1995). Further characterization of this se- 
quence suggests that, while it presumably does not function as 
a sequestration motif per se, it is a motif that functions as a 
critical determinant of receptor conformation required for nor- 
mal interactions with both agonist and G-protein (Barak et al. 
1995). As such, it is probable that the NP(X)2^3Y motif plays 
an important role in the isomerization of GPCRs from their 
low- to high-affinity conformation (R R*) in response to 
agonist. This suggests that GPCR sequestration not only re- 
quires interaction of some cellular component with multiple 
intracellular receptor domains but requires a change in recep- 
tor conformation associated with agonist activation. This idea 
is supported by experiments demonstrating that m4 mAChR 
intemalization is regulated by structural determinants required 
for high-affinity agonist binding but not necessarily G-protein- 
receptor interactions (Van Koppen et al. 1994), as well as the 
observation that increased sequestration of the GnRH receptor 
is associated with increased agonist affinity (Arora et al. 1995). 

Molecular determinants of sequestration: GRKs and 
P-arrestins 

Sibley et al. (1986) were the first to suggest that phosphoryla- 
tion might not only function to uncouple GPCRs but might 
provide the signal leading to receptor sequestration (Sibley 
et al. 1986). The dependence of mAChR subtype sequestration 
upon a series of serine and threonine residues contained within 
their third intracellular loops supported this idea (Lameh et al. 
1992; Moro et al. 1993). However, mutation of all the putative 
sites for PKA- and GRK-mediated phosphorylation of the 
P2AR resulted in receptor mutants that sequestered normally in 
response to agonist (Bouvier et al. 1988; Hausdorff et al. 
1989). These results were corroborated using permeablized 
A431 cells and inhibitors of PKA and PARK phosphorylation 
(Lohse et al. 1990a) and has led to the commonly held view 
that receptor phosphorylation is not a prerequisite for GPCR 
sequestration. 

Despite evidence to the contrary, recent studies of the regu- 
lation of GPCR responsiveness have renewed interest in a po- 
tential role for receptor phosphorylation in agonist-promoted 
sequestration. The first indication that GRK-mediated 



phosphorylation facilitates GPCR sequestration came from 
experiments demonstrating that PARKl overexpression enhanced 
m2 mAChR sequestration (Tsuga et al. 1994). In addition, 
overexpression of a dominant-negative pARKl (K220W) re- 
tarded the intemalization of the ml mAChR receptor when 
expressed in C0S7 cells (Tsuga et al. 1994). However, the 
effectiveness of dominant-negative PARKl was dependent . 
upon the cell type in which it was tested, since m2 mAChR 
sequestration was not inhibited in either BHK-21 cells or 
HEK293 (Tsuga et al. 1994; Pals-Rylaarsdam et al. 1995). 

The demonstration that pjAR sequestration proceeded in 
the absence of PARK phosphorylation sites suggested that 
pARK-mediated facilitation of ml mAChR sequestration 
might be unique to this class of Gj-coupled receptors (Tsuga 
et al. 1 994). However, with the use of the sequestration-defective 
P2AR-Y326A mutant (Barak et al. 1994), a role for GRK- 
mediated phosphorylation could also be demonstrated for the 
G^-coupled P2AR (Ferguson et al. 1995). In addition to the 
sequestration defect, the P2AR-Y326A mutant did not serve as 
a substrate for GRK-mediated phosphorylation (Ferguson et al. 
1995). However, pARKl, when overexpressed, not only 
rescued the phosphorylation deficit of the P2AR-Y326A mu- 
tant but rescued its sequestration as well (Ferguson et al. 
1 995). In addition, rescued pjAR- Y326A mutant sequestration 
was entirely dependent upon intact sites for GRK-mediated 
phosphorylation, and was independent of PKA phosphoryla- 
tion (Ferguson et al. 1995). Expression of an isoprenylated 
pARKl dominant-negative construct (C-20 pARKl-K220M) 
also unpaired both the phosphorylation and sequestration of 
the wild-type P2AR (Ferguson et al. 1995). However, the 
maximal extent of this inhibitory effect was not overwhelming 
and was not seen using a pARKl-K220R dominant-negative 
mutant (Kong et al. 1994). Recently, it was shown that P2AR- 
Y326A mutant sequestration could be rescued by the overex- 
pression of any GRK exhibiting the capacity to phosphorylate 
this receptor mutant (Menard et al. 1996). A role for 
GRK-mediated phosphorylation was also recently reported for 
D2 dopamine receptor sequestration (Itokawa et al. 1996). In 
addition, it is possible that phosphorylation might play an im- 
portant role in the sequestration of a wide variety of GPCRs, 
since removal of the serine-threonine-rich carboxyl-terminal 
tails of several GPCRs impairs their intemalization (Benya et al. 
1993; Lattion et al. 1994; Huang et al. 1995; Thomas et al. 
1995; Tseng et al. 1995^; Hermans et al. 1996). 

The observation that P2ARS lacking putative sites for GRK- 
mediated phosphorylation can sequester in response to agonist 
stimulation clearly indicates that GRK-mediated phosphoryl- 
ation is not absolutely required as a signal initiating sequestra- 
tion (Hausdorff et al. 1989; Ferguson et al. 1995). Rather, 
it suggests that phosphorylation either stabilizes the conforma- 
tion of the receptor required for sequestration or promotes the 
interaction of GPCRs with some other cellular element that 
can directly promote receptor sequestration, even in the ab- 
sence of phosphorylation. Recently, the cellular elements di- 
recting P2AR sequestration were shown to be the P-arrestins, 
which bind GPCRs m response to GRK-mediated phosphoryl- 
ation (Ferguson et al. 1996). When overexpressed, p-arrestins 
rescue P2AR-Y326A mutant sequestration even in the absence 
of phosphorylation and, unlike PARKl, promote the sequestration 
of receptor mutants lacking either their carboxyl-terminal tails 
or their putative sites for GRK phosphorylation (Ferguson 
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endocytic mechanism utilized by a given GPCR is likely de- 
pendent upon receptor-specific structural determinants as well 
as the cell type in which the receptor is expressed. A clear 
answer to this hypothesis will require the study of several dif- 
ferent GPCRs, coupled to diverse G-proteins, expressed in a 
variety of different cell types. Most importantly, identification 
of other components involved in GPCR endocytosis, in par- 
ticular those that associate with P-arrestins, will help provide 
a clearer understanding of the molecular mechanisms involved 
in receptor-mediated endocytosis and which contribute to the 
regulation of GPCR responsiveness. 

Although the contributions of GRKs and arrestins to the 
biochemical regulation of GPCR responsiveness are becoming 
fairly well understood at the level of the single cell, little is 
known about the physiological contribution of these proteins 
to tissue homeostasis. In particular, although GRKs and ar- 
restins are discretely localized to synaptic terminals and post- 
synaptic densities, tfiere is limited or no understanding of their 
contribution to synaptic transmission. Are these proteins in- 
volved in the establishment of memory and learning, by way 
of modulating neurotransmitter sensitivity? Are changes in 
their expression levels associated with subtle changes in the 
biochemistry of the brain related to psychiatric disorders? Are 
they involved in either the adaptive changes or the toxicities 
associated with prolonged drug treatment? Are they associated 
with human pathologies? For example, the demonstration that 
GRK expression levels are elevated in failing human heart 
(Ungerer et al. 1993, 1994) and the locus coeruleus of rats 
chemically treated with morphine (Terwilliger et al. 1994) 
suggests that this might be an interesting avenue to investigate. 

Recently, mutations leading to the constitutive activation of 
GPCRs have been linked to a variety of genetic diseases 
(e.g., Parma et al. 1993; Robbins et al. 1993; Shenker et al. 
1993). Analysis of several constitutively activated receptors 
now suggests that these receptor mutants might be constitu- 
tively desensitized as the consequence of persistent phospho- 
rylation and arrestin binding (Ren et al. 1993; Pei et al. 1994; 
Li et al. 1995; Rim and Oprian 1995). Therefore, given the 
complexity of the interplay between mechanisms contributing 
to the activation, desensitization, and resensitization of 
GPCRs, a clearer knowledge of the relative contribution of 
each of these components in the regulation of GPCR respon- 
siveness will be required. Until then, it is unlikely that an ap- 
propriate understanding of the physiological basis of human 
pathologies associated with GPCRs or the effects of long-term 
drug treatment can be obtained. 
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Fie 4 Schematic representation of GPCR desensitization and resensitization following agonist activation. A, agonist; a, % and y, subunits of 
heterotrimeric G-protein; E, effector enzyme; GRK, G-protein-coupled receptor kinase; parr, p-arrestin; P, phosphate. See text for details. 
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et al. 1996). The primary role of GRK-mediated phosphoryl- 
ation is to increase the affinity of the pjAR to bind arrestins, 
since p-arrestin-dependent rescue of P2AR-Y326A mutant se- 
questration is potentiated by coexpression of low levels of 
PARKl protein (Ferguson et al. 1996). In addition, p-arrestin 
mutants can be prepared that function as sequestration-specific 
dominant-negatives (P-arrestinl-V53D and P-arrestin2-V54D) 
(Ferguson et al. 1996). In agreement with data previously pub- 
lished by Hausdorfif et al. (1989), GRK-mediated phosphorylation 
itself is not sufficient to rescue P2AR-Y326A sequestration, 
since overexpression of PARKl in conjunction with a dominant- 
negative p-arrestin results in rescued phosphorylation with- 
out rescued sequestration (Ferguson et al. 1996). Therefore, 
P-arrestin proteins play a dual role in the regulation of 
GPCR responsiveness: they not only bind and uncouple 
GRK-phosphorylated receptors but they participate in pro- 
moting GPCR sequestration. p-Arrestins appear to act as 
adaptor-like proteins in GPCR trafficking and either serve 
to recruit other cellular proteins that participate in the mo- 
bilization of receptors to endocytotic organelles or execute 
this function themselves. Potentially, a similar mechanism 
might be involved in the GRK-facilitated sequestration of 
the m2 mAChR and D2 dopamine receptors (Tsuga et al. 
1994; Itokawa et al. 1996). 

Taken together, the data presented above suggest a model 
for the regulation of GPCR responsiveness (Fig. 4). Agonist 
activation of a GPCR results in its isomerization from an in- 
active conformation to an activated conformation (R — > R*), 
which likely requires a conformational change in the receptor 
mediated, at least in part, by the NP(X)23Y motif This leads 
to receptor-G-protein coupling, the exchange of GDP for GTP 
on the G-protein a subunit, culminating in the dissociation of 
Got from Gpy and ultimately activation of an effector system. 
The agonist-activated receptor can then serve as a substrate for 
GRK-mediated phosphorylation, which in the case of GRK2 



and GRK3, requires Gp^-mediated translocation to the plasma 
membrane. GRK-mediated phosphorylation of GPCRs pro- 
motes the binding of cytosolic arrestin proteins, which when 
bound, can promote the mobilization of GPCRs for clathrin- 
coated vesicle-mediated endocytosis (Zhang et al. 1996). Sub- 
sequently, GPCRs are translocated to endosomes, where they 
become dephosphorylated and resensitized. Resensitization of 
GPCRs requires acidification in endosomes both to release 
bound ligand, at least in the case of peptide receptors, and to 
facilitate their dephosphorylation. Although not tested, it is 
possible that acidification might promote the release of receptor- 
bound p-arrestin, allowing the interaction of protein phosphatases 
with the receptor, in a manner similar to arrestin-regulated 
dephosphorylation of rhodopsin in the eye (Palczewski et al. 
1989). Subsequently, GPCRs are mobilized back to the plasma 
membrane as competent receptors by mechanisms that have 
not yet been delineated. 

Perspectives 

The present review has highlighted the contribution of the 
GRK and arrestin families of proteins to the regulation of 
GPCR responsiveness. It is now clear that the signals and mo- 
lecular intermediates culminating in the termination of GPCR- 
mediated signals can also initiate the events leading to the 
reestablishment of tissue responsiveness to these signals, re- 
ceptor sequestration, and resensitization. Of particular interest 
is the novel role for p-arrestins acting as GPCR trafficking 
proteins, with respect to the phenomenom of receptor seques- 
tration and resensitization. Given the multiplicity of GPCRs, it 
is unlikely that p-arrestins are required for the internalization 
of all GPCRs, as several distinct pathways have been reported 
to govern GPCR internalization. However, it is likely that 
P-arrestins play a major role in the internalization of several 
GPCRs, potentially by specifically directing them to clathrin- 
coated pits for endocytosis (Zhang et al. 1996). The particular 



© 1996 NRC Canada 



Critical review / Synthase critique 



1107 



requires regions involved in functional coupling with Gs- Mol, 
Pharmacol. 35: 132-138. 

Cheung, A.H., Dixon, R-A.F., Hill, W.S., Sigal, LS., and Strader, CD. 
1990. Separation of the structural requirements for agonist- 
promoted activation and sequestration of the P-adrenergic recep- 
tor. Mol. Pharmacol 37: 775-779. 

Chuang, T.T., Sallese, M., Ambrosini, G., Pamiti, G., and De Blasi, A. 
1992. High expression of (J-adrenergic receptor kinase in human 
peripheral blood leukocytes: isoproterenol and platelet activating 
factor can induce kinase translocation. J. Biol Chem. 267: 
6886-6892. 

Chuang, T.T., LeVine, H., Ill, and De Blasi, A. 1995. Phosphoryla- 
tion and activation of P-adrenergic receptor kinase by protein ki- 
nase C, J. Biol Chem. 270: 18 660 - 18 665. 

Chun. M., Lin, H.Y., Henis, Y.L, and Lodish, H.F. 1995. Endothelin- 
induced endocytosis of cell surface ET^ receptors: endothelin re- 
mains intact and bound to the ET^ receptor. J. Biol. Chem. 270: 
10 855-10 860. 

Craft, CM., and Whitmore, D.H. 1995. The arrestin superfamily: 
cone airestins are a fourth family. FEBS Lett 362: 247-255. 

Craft, CM., Whitmore, D.H., and Wiechmann, A.F. 1994. Cone ar- 
restin identified by targeting expression of a functional family. 
L Biol Chem. 269: 4613-4619. 

Dawson, T.M., Arriza, J.L., Jaworsky, D.E., Borisy, F.F., 
Attramadal, H., Lefkowitz, R.J., and Ronnett, G.V. 1993. 
P-Adrenergic receptor kinase-2 and P-arrestin2 as mediators of 
odorant-induced desensitization. Science (Washington, D.C), 
259:825-829. 

Dohlman, H.G., Thomer, J., Caron, M.G., and Lefkowitz, R.J. 1991. 

Model systems for the study of seven-transmembrane-segment 

receptors. Annu. Rev. Biochem. 60: 653-688. 
Dolph, PJ., Ranganathan, R., CoUey, N.J., Hardy, R.W., Socolich, M., 

and Zuker, CS. 1993. Arrestin fiinction in inactivation of G-protein- 

coupled receptor rhodopsin in vivo. Science (Washington, D.C), 

260: 1910-1916. 

Doss, R.C, Perkins, J.P., and Harden, TX. 1981. Recovery of 
P-adrenergic receptors following long term exposure of 
astrocytoma cells to catecholamine. J. Biol. Chem. 256: 12 281 - 
12 286. 

Eason, M.G., Moreira, S.P., and Liggett, S.B. 1995. Four consecutive 
serines in the third intracellular loop are the sites for P-adrenergic 
receptor kinase-mediated phosphorylation and desensitization of 
the OjA-adrenergic receptor. J. Biol Chem. 270: 4681-4688. 

Ferguson, S.S.G., Menard, L., Barak, L.S., Colapietro, A.-M., 
Koch, W.J., and Caron, M.G. 1995. Role of phosphorylation in 
agonist-promoted P2-adrenergic receptor sequestration. Rescue of 
a sequestration-defective mutant receptor by PARKl. J. Biol 
Chem. 270: 24 782-24 789. 

Ferguson, S.S.G., Downey, W.E., III, Colapietro, A.-M., Barak, L.S,, 
Menard, L., and Caron, M.G. 1996. Role of p-arrestin in mediat- 
ing agonist-promoted G-protein-coupled receptor internalization. 
Science (Washington, D.C), 271: 363-366. 

Garland, A.M., Grady, E.F., Lovett, M., Vigna, S.R., Frucht, M.M., 
Krause, I.E., and Bunnett, N.W. 1996. Mechanisms of desensiti- 
zation and resensitization of G-protein-coupled neurokinin, and 
neurokininj receptors. Mol. Pharmacol 49: 438-446. 

Glitscher, W., and RQppel, H. 1 99 1 . Evidence for ATP-ase activity of 
arrestin fi-om bovine photoreceptors. FEBS Lett. 282: 43 1-435. 

Goldman, P.S., Schlador, M.L., Shapiro, R.A., and Nathanson, N.M. 
1996. Identification of a region required for subtype-specific 
agonist-induced sequestration of the m2 muscarinic acetylcholine 
receptor. J. Biol Chem. 271: 4215-4222. 

Grady, E.F., Garland, A.M., Gamp, P.D., Lovett, M., Payan, D.G., 
and Bunnett, N.W. 1 995a. Delineation of the endocytotic pathway 
of substance P and its seven-transmembrane domain NKl recep- 
tor. Mol Biol. Cell, 6: 509-524. 

Grady, E.F., Slice, L.W., Brant, W.O., Walsh, J.H., Payan, D.G„ and 



Bunnett, N.W. 1 995b. Direct observation of endocytosis of gastrin 
releasing peptide and its receptor. J. Biol Chem. 270: 4603-461 1 . 
Green, S.A., and Liggett, S.B. 1994, A proline rich region of the third 
intracellular loop imparts phenotypic Pp versus Pj-adrenergic re- 
ceptor coupling and sequestration. J. Biol Chem. 269: 26 215 - 
26219. 

Gurevich, V.V., and Benovic, J.L. 1993. Visual arrestin interaction 
with rhodopsin: sequential multisite binding ensures strict selec- 
tivity toward light-activated phosphorylated rhodopsin. J. Biol 
Chem. 268: 11 628- 11 638. 

Gurevich, V.V., Richardson, R.M., Kim, CM., Hosey, M.M., and 
Benovic, J.L. 1993, Binding of wildtype and chimeric arrestins to 
the ni2 muscarinic cholinergic receptor. J. Biol Chem. 268: 
16 879-16 882. 

Gurevich, V.V., Chen, C.Y., Kim, CM., and Benovic, J.L, 1994. Vi- 
sual arrestin binding to rhodopsin: intramolecular interaction be- 
tween the basic N terminus and the acid C terminus of arrestin 
may regulate bindmg selectivity. J. Biol Chem. 269: 8721-8727. 

Gurevich, V.V., Dion, S,B., Onorato, J.J., Ptasienski, J., Kim, CM., 
Steme-Marr, R., Hosey, M.M., and Benovic, J.L. 1995. Arrestin 
interactions with G protein-coupled receptors: direct binding studies 
of wild type and mutant airestins with rhodopsin, Pj-adrenergic, and 
m2 muscarinic cholinergic receptors. J. Biol. Chem, 270: 720-731. 

Hadcock, J.R., and Malbon, CC 1988. Down regulation of P-adrenergic 
receptors: agonist-induced reduction in receptor mRNA levels. 
Proc. Natl Acad. Scl U.S.A. 85: 5021-5025. 

Haga, T., Haga, K., and Kameyama, K. 1994. G protein-coupled re- 
ceptor kinases. J. Neurochem. 63: 400-412, 

Hausdorff; W.P„ Bouvier, M., O'Dowd, B.F., Irons, G;P., Caron, M.G., 
and Leflcowitz, RJ. 1989. Phosphorylation sites on two domains 
of the Pj-adrenergic receptor are involved in distinct pathways of 
receptor desensitization, J. Biol Chem, 264: 12 657 - 12 665. 

Hausdorff, W.P., Hnatowich, M., O'Dowd, B.F., Caron, M.G., and 
Leflcowitz, R.J. 1990. A mutation of the Pj-adrenergic receptor 
impairs agonist activation of adenylyl cyclase without affecting 
high affmity agonist binding: distinct molecular determinants of 
the receptor are involved in physical coupling to and functional 
activation of Gg. J. Biol Chem. 265: 1388-1393. 

Hausdorff, W.P., CampbeU, P.T., Ostrowski, J., Yu, S.S., Caron, M.G., 
and Lefkowitz, R.J. 1991. A small region of the P-adrenergic 
receptor is selectively involved in its rapid regulation. Proc. Natl 
Acad. ScL U.S.A. 88: 2979-2983. 

Hausdorff, W.P., Sung, J., Caron, M.G., and Leflcowitz, R.J. 1992. 
Recent molecular analyses of P-adrenergic receptor phosphoryla- 
tion, sequestration and down-regulation. Asia Pacific J. Pharma- 
col 7: 149-158. 

Hermans, E., Octave, J.-N., Maloteux, J.-M. 1996. Interaction of the 
COOH-temiinal domain of the neurotensin receptor with G protein 
does not control the phosphoUpase C activation but is involved in the 
agonist-induced internalization. Mol Pharmacol 49: 365-372. 

Hertel, CM., Nunnally, S^K-F., Wong, E.A., Murphy, E. A., Ross, E.M., 
and Perkins, J.P, 1990, A truncation mutation in the avian 
P-adrenergic receptor causes agonist-induced internalization and 
GTP-sensitive agonist binding characteristic of mammalian recep- 
tors, J. Biol Chem. 265: 17 988 - 17 994, 

Huang, Z., Chen, Y., and Nissenson, R,A. 1995. The cytoplasmic tail 
of the G-protein-coupled receptor for parathyroid hormone and 
parathyroid hormone-related protein contains positive and nega- 
tive signals for endocytosis. J. Biol Chem. 270: 151-156. 

Hunyady, L., Baukal, A. J., Balla, T., and Catt, K.J. 1994a. Inde- 
pendence of type 1 angiotensin II receptor endocytosis from 
G protein coupling and signal transduction. J. Biol. Chem. 269: 
24 798-24 804. 

Hunyady, L., Bor, M., Balla, T., and Catt, KJ. 1994^?. Identification 
of a cytoplasmic Ser-Thr-Leu motif that determines agonist-induced 
internalization of the AT^ angiotensin receptor. J. Biol. Chem. 
269:31 378-31 382. 



© 1996 NRC Canada 



1108 



Can. J. Physiol. Pharmacol. Vol. 74, 1996 



Hunyady, L., Bor, M., Baukal, A.J., Balla, T., and Catt, KJ. 1995. A 
conserved NPLFY sequence contributes to agonist binding and 
signal transduction but is not an internalization signal for the 
type 1 angiotensin II receptor. J. Biol. Chem. 270: 9702-9709. 

Inglese, J., Glickman, J.F., Lorenz, W., Caron, M.G., and Lefkowitz, R.J. 
1992. Isoprenylation of a protein kinase. Requirement of 
famesylation/a-carboxyl methylation for full enzymatic activity 
of rhodopsin kinase. J. Biol. Chem. 267: 1422-1425. 

Inglese, J., Freedman, N.J., Koch, W.J., and Lefkowitz, R.J. 1993a, 
Structure and mechanism of the G protein-coupled receptor ki- 
nases. J. Biol. Chem. 268: 23 735 - 23 738. 

Inglese, J., Koch, W.J., Caron, M.G., and Lefkowitz, R.J. 1993*. 
Isoprenylation in regulation of signal transduction by G-protein- 
coupled receptor kinases. Nature (London), 359: 147-150. 

Itokawa, N., Toru, M., Ito, K., Tsuga, H., Kameyama, K., Haga, T., 
Arinami, T., and Hamaguchi, H, 1996. Sequestration of the short 
and long isoforms of dopamine D2 receptors expressed in Chinese 
hamster ovary cells. Mol. Phamiacol. 49: 560-566. 

Jockers, R., Da Silva, A., Strosberg, A.D., Bouvier, M., and 
Mamllo, S. 1996. New molecular and structural determinants in- 
volved in p2-adrenergic receptor desensitization and sequestra- 
tion: delineation using chimeric P3/P2-adrenergic receptors. 
J. Biol. Chem. 271: 9355-9362. 

Kawate, N., and Menon, K.M. 1994. Palmitoylation of lutenizing 
hormone/human choriogonadotropin receptors in transfected 
cells: abolition of palmitoylation by mutation of Cys-62 1 and Cys- 
622 residues in the cytoplasmic tail increases ligand induced inter- 
nalization of the receptor. J. Biol. Chem. 269: 30 651 - 30 658. 

Kieselbach, T., Irrgang, K.-D., and Riippel, H. 1994. A segment cor- 
responding to amino acids Val 1 70-Arg 1 82 ofbovine arrestin is capable 
of binding phosphorylated rhodopsin. Eur. J. Biochem. 226: 87-97. 

Koch, W,J., Inglese, J., Stone, W.C., and Lefkowitz, R.J. 1993. The 
binding site for the subunits of heterotrimeric G proteins on the 
P-adrenergic receptor kinase, J. Biol. Chem. 268: 8256-8260. 

Koch, W.J., Rockman, H.A., Samama, P., Hamilton, R., Bond, R.A., 
Milano, C.A,, and Lefkowitz, R.J. 1995. Cardiac function in mice 
overexpressing the p-adrenergic receptor kinase or a pARK in- 
hibitor. Science (Washington, D.C.), 268: 1350-1353, 

Koenig, J. A., and Edwardson, J.M, 1996. Intracellular trafficking of 
the muscarinic acetylcholine receptor: importance of subtype and 
cell type. Mol. Pharmacol. 49: 351-359. 

Kong, G., Penn, R., and Benovic, J.L. 1994. A P-adrenergic receptor 
kinase dominant negative mutant attenuates desensitization of the 
P2-adrenergic receptor. J. Biol. Chem, 269: 13 084 - 13 087. 

Krueger, K.M., Pitcher, J.A., and Lefkowitz, R.J, 1995. Dephospho- 
rylation of the betaj-adrenergic receptor is stimulated at acid pH. 
9th International Conference on Second Messengers and Phospho- 
proteins, October 26 - November 1, 1995, Nashville, Tenn. p. 72. 

Krupnick, J.G., Gurevich, V.V., Schepera, T., Hanmi, H.E., and 
Benovic, J.L. 1994. Arrestin-rhodopsin interaction: multi-site 
binding by peptide inhibition. J. Biol. Chem. 269: 3226-3232. 

Kunapuli, P., and Benovic, J.L. 1993. Cloning and expression of 
GRK5: a member of the family of G protein-coupled receptor ki- 
nase family. Proc. Natl. Acad. Sci. U.S.A. 90: 5588-5592. 

Kunapuli, P., Gurevich, V.V., and Benovic, J.L. 1994. Phospholipid- 
stimulated autophosphorylation activates the G protein-coupled 
receptor kinase GRK5. J. Biol. Chem. 269: 10 209 r 10 212. 

Lameh, J., Philip, M., Sharma, Y.K., Moro, 0., Ramachandran, J,, and 
Sadee, W. 1992. Hml muscarinic cholinergic receptor internaliza- 
tion requires a domain in the third intracellular loop. J. Biol. 
Chem. 267: 13 406- 13 412. 

Lattion, A.-L., Diviani, D., and Cotecchia, S. 1994. Truncation of the 
receptor carboxyl terminus impairs agonist-dependent phospho- 
rylation and desensitization of the ttig-adrenergic receptor. J. Biol. 
Chem. 269: 22 887-22 893. 

Lefkowitz, R.J. 1993. G protein-coupled receptor kinases. Cell, 74: 
409-412. 



Li, T., Franson, W.K., Gordon, J.W., Berson, E.L., and Dryja, T.P. 
1995. Constitutive activation of phototransduction by K296E 
opsin is not a cause of photoreceptor degeneration. Proc. Natl 
Acad. Sci. U.S.A. 92: 3551-3555, 

Liggett, S.B., Ostrowski, J., Chesnut, L.C., Kurose, H., Raymond, J.R., 
Caron, M.G., and Lefkowitz, R.J. 1992. Sites in the third intracel- 
lular loop of the a2A-adrenergic receptor confer short term agonist 
promoted desensitization: evidence for a receptor kinase-mediated 
mechanism. J. Biol. Chem. 267: 4740-4746. 

Liggett, S.B., Freedman, N.J., Schwinn, D.A., and Lefkowitz, R.J. 
1993. Structural basis for receptor subtype-specific regulation re- 
vealed by a chimeric p3/P2-adrenergic receptor. Proc. Natl. Acad. 
Sci. U.S.A. 90: 3665-3669. 

Lohse, M.J. 1993. Molecular mechanisms of membrane receptor de- 
sensitization. Biochim. Biophys. Acta, 1179: 171-188. 

Lohse, M.J., Benovic, J.L. Caron, M.G., and Lefkowitz, R.J. 1990^. 
Multiple pathways of rapid P2-adrenergic receptor desensitization. 
Delineation with specific inhibitors. J. Biol. Chem. 265: 3202- 
3209. 

Lohse, M.J., Benovic, J.L., Codina, J., Caron, M.G., and Lefkowitz R.J. 
\990b. P-Arrestin: a protein that regulates P-adrenergic receptor 
function. Science (Washington, D.C.), 248: 1547-1550. 

Lohse, M.J., Andexinger, S., Pitcher, J., Trukawinski, S., Codina, J., 
Faure, J.-P., Caron, M.G,, and Lefkowitz, R.J. 1992. Receptor 
specific desensitization with purified proteins. Kinase dependence 
and receptor specificity of P-airestin and arrestin in the Pj-adrenergic 
receptor and rhodopsin systems. J. Biol. Chem. 267: 8558-8564. 

Lorenz, W., Inglese, J., Palczewski, K., Onorato, J. J., Caron, M.G., 
and Lefkowitz, R.J. 1991. The receptor kinase family: primary 
structure of liiodopsin kinase reveals similarities to the p-adrenergic 
receptor kinase. Proc. Natl. Acad. Sci. U.S.A. 88: 87 1 5-87 1 9. 

Mahan, L.C, Koachman, A.M., and Insel, P.A. 1985. Genetic analy- 
sis of P-adrenergic receptor internalization and down-regulation. 
Proc. Natl. Acad. Sci. U.S.A. 82: 129-133. 

Menard, L., Ferguson, S.S.G,, Barak, L.S., Bertrand, L., Fremont, R,T., 
Colapietro, A,-M., Lefkowitz, R.J., and Caron, M.G, 1996. Mem- 
bers of the G protein-coupled receptor kinase family that phosphory- 
late the pj-adrenergic receptor facilitate sequestration. Biochemistry, 
35:4155-4160. 

Moro, O., Lameh, J., and Sadee, W. 1993. Serine- and threonine-rich 
domain regulates internalization of muscarinic cholinergic recep- 
tors. J. Biol. Chem. 268: 6862-6865. 

Moro, O., Shockley, M,S,, Lameh, J., and Sadee, W. 1994. Overiap- 
ping multi-site domains of the muscarinic cholinergic Hml recep- 
tor involved in signal transduction and sequestration. J, Biol 
Chem. 269:6651-6655. 

Murakami, A., Yajima, T., Sakuma, H., McLaren, M., and Inana, G. 
1 993. X-arrestin: a new retina! arrestin mapping to the X chromo- 
some. FEBS Lett 334: 203-209. 

Nakata, H., Kameyama, K., Haga, K., and Haga, T. 1 994. Location of 
agonist-dependent phosphorylation sites in the third intracellular 
loop of muscarinic acetylcholine receptors (m2 subtype). Eur. J. 
Biochem. 220: 29-36. 

Neer, E.J. 1995. Heterotrimeric G proteins: organizers of transmem- 
brane signals. Cell, 80: 249-257. 

Ohguro, H., Palczewiski, K., Ericsson, L.H., Walsh, K.A., and 
Johnson, R.S. 1993. Sequential phosphorylation of rhodopsin at 
multiple sites. Biochemistry, 32: 5718-5724. 

Palczewski, K., McDowell, J.H., Jakes, S., Ingebritsen, T.S., and 
Hargrave, P.A. 1989. Regulation of rhodopsin dephosphorylation 
by arrestin. J. Biol. Chem. 264: 15 770 - 15 773. 

Palczewski, K., Buczylko, J., Imami, N.R., McDowell, J.H., and 
Hargrave, P.A. 1991 . Role of carboxyl-terminal region of arrestin 
in binding phosphorylated rhodopsin. J. Biol. Chem. 266: 
15 334- 15 339. 

Palczewski, K., Buczylko, J., Ohgura, H., Annan, R.S,, Carr, S.A., 
Crabb, J.W„ Kaplan, M.W., Johnson, R.S., and Walsh, K.A. 



® 1996NRC Canada 



Critical review / Synthase critique 



1109 



1994. Characterization of a truncated form of arrestin isolated 
from bovine rod outer segments. Protein Sci. 3: 3 19-329. 

Palmer, T.M., Benovic, J.L., and Stiles, G.L. 1995. Agonist-dependent 
phosphorylation and desensitization of the rat A3 adenosine recep- 
tor. J. Biol. Chem. 270: 29 607 - 29 613. 

Pals-Rylaarsdam, R., Xu, Y., Witt-Enderby, P., Benovic, J.L., and 
Hosey, M.M. 1995. Desensitization and internalization of the m2 
muscarinic acetylcholine receptor are directed by independent 
mechanisms. J. Biol. Chem. 270: 29 004 - 29 Oil. 

Paiker, E.M., Swigart, P., Nunnally, M H., Pericins, J P., and Ross, E.M. 

1995. Carboxyl-terminal domains in the avian Pi-adrenergic re- 
ceptor that regulate agonist-promoted endocytosis. J. Biol. Chem. 
270: 6482-6487. 

Pamia, J., Duprez, L,, Van Sande, J., Cochaux, P., Gervy, C, Mockel, J., 
Dumont, J., and Vassart, G. 1993. Somatic mutations in the thy- 
rotropin receptor gene cause hyperfunctioning thyroid adenomas. 
Nature (London), 365: 649-651. 

Parruti, G., Peracchia, F., Sallese, M,, and De Blasi, A. 1993a. Mo- 
lecular cloning, functional expression, and mRNA analysis of hu- 
man beta-adrenergic receptor kinase 2. Biochem. Biophys. Res, 
Commun. 190: 475-481. 

Parruti, G., Peracchia, F., Sallese, M.. Ambrosini, G., Masini, M., 
Rotilio, D., and De Biasi, A. 19936. Molecular analysis of human 
P-arrestin-l : cloning, tissue distribution, and regulation of expres- 
sion. Identification of two isoforms generated by alternative splic- 
ing. J. Biol. Chem. 268: 9753-9761. 

Pei, G., Samama, P., Lohse, M., Wang, M., Codina, J., and 
Lefkowitz, RJ. 1994. A constitutively active mutant Pj-adrenergic 
receptor is constitutively desensitized and phosphorylated. Proc. 
Natl. Acad. Sci. U.S.A. 91: 2699-2702. 

Pei, G., Kieffer, B.L., Lefkowitz, R.J., and Freedman, N.J. 1995. 
Agonist-dependent phosphorylation of the mouse 5-opiod recep- 
tor: involvement of G protein-coupled receptor kinases but not 
protein kinase C. Mol. Pharmacol. 48: 173-177. 

Pippig, S., Andexinger, S., Daniel, K., Puzicha, M., Caron, M.G., 
Lefkowdtz, R.J., and Lohse, M.J. 1993. Overexpression of p-arrestin 
and P-adrenergic receptor kinase augment desensitization of 
P2-adrenergic receptors. J. Biol. Chem. 268: 3201-3208. 

Pippig, S., Andexinger, S., and Lohse, M.J. 1995. Sequestration and 
recycling of P2-adrenergic receptors permit receptor resensitiza- 
tion. Mol. Pharmacol, 47: 666-676. 

Pitcher, J.A-, higlese, J., Higgins, J.B., Arriza, J.L., Casey, P.J., Kim, C, 
Benovic, J.L., Kwatra, M.M., Caron, M.G., and Lefkowitz, R.J. 
1992. Role of Pysubunits of G proteins in targeting the P-adrenergic 
receptor kinase to membrane-bound receptors. Science (Washington, 
D.C.), 257: 1264-1267. 

Pitcher, J.A,, Touhara, K., Payne, E.S., and Lefkowitz, R.J. 1995. 
Pleckstrin homology domain-mediated membrane association and 
activation of the P-adrenergic receptor kinase requires coordinate 
interaction with subunits and lipid. J. Biol. Chem. 270: 
11 707- 11 710. 

Fremont, R.T., Koch, W.J., Inglese, J., and Lefkowitz, R.J. 1994. 
Identification, purification and characterization of GRK5, a mem- 
ber of a family of G protein-coupled receptor kinases. J. Biol. 
Chem. 269: 6832-6841. 

Fremont, R.T., Inglese, J., and Lefkowitz, R.J. 1995. Protein kinases 
that phosphorylate activated G protein-coupled receptors. FASEB J. 
9: 175-182. 

Fremont, R.T., Macrae, A.D., Stoffel, R.H., Chung, N„ Pitcher, J.A., 
Ambrose, C, Inglese, J., MacDonald, M.E., and Lefkowitz, R.J. 

1996. Characterization of the G protein-coupled receptor kinase 
GRK4: identification of four splice variants. J. Biol. Chem. 271: 
6403-6410. 

Rajagopalan, M., Neudigh, J.L., and McClain, D.A. 1991. Amino 
acid sequences Gly-Pro-Leu-Tyr and Asn-Pro-Glu-Tyr in the sub- 
membranous domain of the insulin receptor are required for nor- 
mal endocytosis. J. Biol. Chem. 266: 23 068 - 23 073. 



Raposo, G., Dunia, I., Delavier-Klutchko, C, Kaveri, S., Strosberg, A.D., 
and Benedetti, E.L, 1989, Internalization of P-adrenergic receptor 
in A43 1 cells involves non-coated vesicles. Eur. J. Cell Biol. 50: 
340-352. 

Ren, Q., Kurose, H., Lefkowitz, R.J., and Cotecchia, S. 1993. Consti- 
tutively active mutants of the (X2-adrenergic receptor. J. Biol. Chem. 
268: 16 483- 16 487. 

Rim, J., and Oprian, D.D. 1995. Constitutive activation of opsin: 
interaction of mutants with rhodopsin kinase and arrestin. Bio- 
chemistry, 34: 11 938- 11 945. 

Robbins, L.S., Nadeau, J.H., Johnson, K.R., Kelly, M.A., Roselli- 
Rehfuss, L., Baack, E., Mountjoy, K.G., and Cone, R.D. 1993. 
Pigmentation phenotypes of variant extension locus alleles result 
from point mutations that alter MSH receptor function. Cell, 72: 
827-834. 

Roettger, B.F., Rentsch, R.U., Finon, D., Holicky, E., Hadec, E., 
Larkin, J.M., and Miller, L.L. 1 995. Dual pathways of internaliza- 
tion of the cholecystokinin receptor. J. Cell Biol. 128: 1029-1041. 

Roth, N.S., Campbell, P.T., Caron, M.G., Lefkowitz, R.J., and 
Lohse, M.J. 1991. Comparative rates of desensitization of 
P-adrenergic receptors by the P-adrenergic receptor kinase and the 
cyclic AMP-dependent protein kinase. Proc. Natl. Acad. Sci. 
U.S.A. 88: 6201-6204. 

Sagi-Eisenberg, R., Traub, L.M., Spiegel, A.M., and Zich, Y. 1989. 
Protein kinase C-mediated phosphorylation of retinal rod outer 
segment membrane proteins. Cell. Signalling, 1: 519-531. 

Schleicher, A., Boekhoff, I,, Arriza, J., Lefkowitz, R.J., and Breer, H. 
1993. A P-adrenergic kinase-like enzyme is involved in olfactory 
signal termination. Proc. Natl. Acad. Sci. U.S.A. 90: 1420-1424. 

Shenker, A., Laue, L., Kosugi, S., Merendino, J.J., Jr., Minegishi, T., 
and Cutler, G.B., Jr. 1993. A constitutively activating mutation of 
the luteinizing honnone receptor in familial male precocious pu- 
berty. Nature (London), 365: 652-654. 

Shinohara, T., Dietzschold, B., Crafl, CM., Wistow, G., Early, J.J., 
Donoso, L.A., Horwitz, J., and Tao, R. 1987. Primary and secon- 
dary structure of bovine retinal S antigen (48-kDa protein). Proc. 
Natl. Acad. Sci. U.S.A. 84: 6975-6979. 

Sibley, D.R., Strasser, R.H., Benovic, J.L., Daniel, K., and 
Lefkowitz, R.J.1986. Phosphorylation/dephosphorylation of the 
P-adrenergic receptor regulates its functional coupling to adeny- 
late cyclase and subcellular distribution. Proc, Natl. Acad. Sci. 
U.S.A. 83: 9408-9412. 

Slice, L.W., Wong, H.C., Stemini, C, Grady, E.F., Bunnett, N.W., 
and Walsh, J.H. 1994. The conserved NPXj,Y motif present in the 
gastrin-releasing peptide receptor is not a general sequestration 
sequence. J. Biol. Chem, 269: 21 755 - 21 762. 

Smith, W.C., Milam, A.H., Dugger, D., Arendt, A., Hargrave, P.A., 
and Palczewski, K. 1994. A splice variant of arrestin. Molecular 
cloning and localization in bovine retina. J. Biol. Chem. 269: 
15 407- 15 410. 

Steme-Marr, R,, and Benovic, J.L. 1995. Regulation of G protein- 
coupled receptors by receptor kinases and arrestins, Vitam. Horm. 
51: 193-234. 

Steme-Marr, R., Gurevich, V.V., Goldsmith, P., Bodine, R.C. Sanders. C, 
Donoso, L.A., and Benovic, J.L. 1993. Polypeptide variants of 
p-arrestin and arrestin3. J. Biol. Chem. 268: 1 5 640 - 1 5 648. 

Stoffel, R.H., Randall, R.R., Fremont, R.T., Lefkowitz, R.J., and 
Inglese, J. 1994. Palmitoylation of G protein-coupled receptor ki- 
nase, GRK6. Lipid modification diversity in the GRK family. 
J. Biol. Chem. 269: 27 791 - 27 794. 

Strader, CD., Sigal, I.S., Blake, A.D., Cheung, A.H., Register, B., 
Rands, E., Zemick, B.A., Candelore, M.R., and Dixon, R.A.F. 
1 987. The carboxyl terminus of the hamster P-adrenergic receptor 
expressed in mouse L cells is not required for receptor sequestra- 
tion. Cell, 49: 855-863. 

Terwilliger, R.Z., Ortiz, J., Guitart, X., and Nestler, E.J. 1994. 
Chronic morphine administration increases P-adrenergic receptor 



© 1996 NRC Canada 



1110 



Can. J. Physiol. Pharmacol. Vol. 74, 1996 



kinase (pARK) levels in the rat lucus coeruleus. J. Neurochem. 63: 
1983-1986. 

Thomas, W.G., Thekkumkara, TJ., Motel, T.J., and Baker, K.M. 
1995. Stable expression of a truncated ATja receptor in CHO-Kl 
cells: the carboxyl-terminal region directs agonist-induced inter- 
nalization but not receptor signaling or desensitization. J. Biol. 
* Chem. 270: 207-213. 

Touhara, K., Inglese, J., Pitcher, J.A., Shaw, G., and Lefkowitz, R.J. 
1994. Binding of G protein (3y-subunits to plecstrin homology do- 
mains. J. BioL Chem. 269: 10217-10 220. 

Tseng, M.-J., Coon, S., Stuenkel, E., Struk, V., and Logsdon, CD. 
1995a. Influence of second and third cytoplasmic loops on bind- 
ing, internalization, and coupling of chimeric bombesin/m3 mus- 
carinic receptors. J. Biol. Chem. 270: 17 884 - 17 891. 

Tseng, M.-J., Detjen, K., Struk, V., and Logsdon, CD. \995b. 
Carboxyl-terminal domains determine internalization and recy- 
cling characteristics of bombesin receptor chimeras. J. Biol. 
Chem. 270:18 858-18 864. 

Tsuga, H., Kameyama, K., Haga, T., Kurose, H., and Nagao, T. 1 994. 
Sequestration of muscarinic acetylcholine receptor m2 subtypes. 
Facilitation by G protein-coupled receptor kinase (GRK2) and at- 
tenuation by a dominant-negative mutant of GRK2. J. Biol. Chem. 
269: 32 522-32 527. 

Ungerer, M., Bohm, M., Elce, J.S., Erdmann, E., and Lohse, M.J. 
1993. Altered expression of p-adrenergic receptor kinase and 
Pi-adrenergic receptors in the failing heart. Circulation, 87: 454-463. 

Ungerer, M., Parruti, G., Bohm, M., Puzicha, M., De Blasi, A., 
Erdmann, E., and Lohse, M.J. 1994. Expression of P-arrestins and 
P-adrenergic receptor kinases in the failing human heart Circ. 
Res. 74: 206-213. 

Van Koppen, CI, Sell, A., Lenz, W., and Jakobs, K.H. 1994. Dele- 
tion analysis of the m4 muscarinic acetylcholine receptor: molecu- 
lar determinants for activation of but not coupling to the Gj 
guanine-nucleotide-binding regulatory protein regulate receptor 
internalization. Eur. J. Biochem. 222: 525-53 1 . 



von Zastrow, M., and Kobilka, B.K. 1992. Ligand-regulated internali- 
zation and recycling of human P2-adrenergic receptors between 
plasma membrane and endosomes containing transferrin recep- 
tors. J. Biol. Chem. 267: 3530-3538. 

Watson, S., and Arkinstall, S. 1994. The G-protein linked receptor 
Facts Book. 1st ed. Academic Press, San Diego, Calif. 

Wilden, U., Hall, S.W., and Ktihn, H. 1986. Phosphodiesterase acti- 
vation by photoexcited rhodopsin is quenched when rhodopsin is 
phosphorylated and binds the intrinsic 48-kDa protein of rod outer 
segments. Proc. Natl. Acad. Sci. U.S.A 83: 1 174-1 178. 

Winstel, R., Freund, S., Krasel, C, Hoppe, E., and Lohse, M.J. 1996. 
Protein kinase cross-talk: membrane targeting of the p-adrenergic 
receptor kinase by protein kinase C Proc. Natl. Acad. Sci. U.S.A. 
93:2105-2109. 

Yamada, T., Takeuchi, Y., Komori, N., Kobayshi, H., Sakai, Y., 
Hotta, Y., and Matsumoto, H. 1990. A 49-kilodalton phosphopro- 
tein in the Drosophila photoreceptor is an arrestin homolog. Sci- 
ence (Washington, D.C), 248: 483-486. 

Yamaki, K., Takahashi, Y., Sakuragi, S., and Matsubara, K. 1987. 
Molecular cloning of the S-antigen cDNA from bovine retina. 
Biochem. Biophys. Res. Commun. 142: 904-910. 

Yamaki, K., Tsuda, M., Kikuchi, T., Chen, K.-H., Huang, K.-P., and 
Shinohara, T. 1990. Structural organization of the human S-antigen 
gene: cDNA, amino acid, intron, exon, promoter, in vitro tran- 
scription, retina and pineal gland. J. Biol. Chem. 265: 20 757 - 
20 762. 

Yu, S.S., Lefkowitz, R.J., and Hausdorff, W.P. 1993. P- Adrenergic 
receptor sequestration. A potential mechanism of receptor resen- 
sitization. L Biol. Chem. 268: 337-341. 

Zhang, J., Ferguson, S.S.G., Barak, L:S., Menard, L., and Caron, M.G. 
1996. Dynamin and P-arrestin reveal distinct mechanisms for 
G protein-coupled receptor internalization. J. Biol. Chem. 271: 
18 302-18 305. 



© 1996 NRC Canada 



